Abstract-This paper deals with the problem of robust tracking control with adaptation mechanism. A linear time-invariant system with time-varying ellipsoidal uncertainty is considered. The proposed controller affinely depends on the estimations of parameters, which are adjusted on-line according to the error between the state trajectory of the plant and that of target model. The application of this approach to the yaw control of a small-scale helicopter mounted on an experiment platform shows the effectiveness.
Over the last three decades, considerable attention has been paid to analysis and synthesis of helicopter [1] [2] [3] . The increasing interest about this topic can be understood by the fact that helicopter can operate in different flight modes, such as vertical take-offlanding, hovering, longitudinal /lateral flight, pirouette, and bank-to-turn and be invaluable for terrain surveying, surveillance, localization of targets, tracking, map building and others.
Helicopter flight control system design has been dominated by linear control techniques. The last decade has witnessed remarkable progress in small-scale helicopter research including modelling [4] , control [5] [6] , which are based on the accurate and fixed model. However, the complicated dynamics of helicopter lead to both parametric and dynamic uncertainty. Unmeasurable states, sensor and actuator noise, saturation, bandwidth limitations, friction and delays, all of these may perturb the resulting closed-loop system out of the region of stability, so the controller should be designed to robust to those effects.
Recently, a considerable amount of work has been done to design robust controllers for linear system with parameter uncertainty. Since an adequate level of performance is required in practice, recent literatures have focused on quadratic stabilizing control with some performance such as LQR, HE or H2 [7] [8] [9] disturbance attenuation and closed-loop pole location based on LMI or other methods. While a single controller with a fixed gain is considered, the resulting controllers designed by these methods inherently become conservative. On the other hand, adaptive control theories [10] have been long developed as controller design methodologies for system with uncertainties. The typical adaptive control scheme is the parameter adaptive control, in which unknown parameters are estimated explicitly, and control parameters are determined based on these estimates. However, even in the so-called "ideal case", a stable adaptive controller doesn't necessarily guarantee good transient response.
It is worthwhile considering incorporate some kind of adaptation mechanism into robust control methods. In this paper, an adaptive robust tracking controller is presented in order to reduce conservatism inherent in a robust control method with a fixed gain and to improve transient behaviour in time-response. Both system matrix A and input matrix B have time-varying parameter uncertainty. It belongs to a ellipsoidal set, which often appears in the results of set member identification in practical systems [11] . The transient behaviour can be improved directly in a real-time fashion, where the gain of controller is tuned on-line based on the information about parameter uncertainties. Since the complicated dynamics of helicopter lead to both parametric and dynamic uncertainty and the parameter uncertainty are time-varying, the proposed method will be applied to the yaw control of helicopter.
The paper is organized as follows. In Section II, we give the yaw dynamic ofhelicopter and the simplified model. Section III gives the adaptive robust tracking control method. The application of the proposed controller to the yaw control of small-scale helicopter is given in Section IV. Both linear and nonlinear simulations of yaw dynamic model are performed. Finally, Section V gives the conclusion.
II. MODELING YAW DYNAMIC OF HELICOPTER
In this paper a framework of the simulation model for the helicopter-platform (see Fig. 1 ) is set up using rigid body equations of motion of the helicopter fuselage. In hovering and low-velocity flight, the torque generated by main and force generated by tail rotor are dominant [12] . By simplifying the fuselage and vertical fin damping, the yaw dynamics can be rewritten as:
{I==-Qmr +Ttrltr+blr+b2 (1 where Qmr is the torque of main rotor, T,r is the thrust of tail rotor, It, is the distance between the tail rotor and z-axis, b1 and b2 are damping constants. The expressions of T,r and Qmr has been given in [13] :
Tr =Cotr + 12 C2 (C2 + C2+4CIOtr) (2) 
with
C4 8pabcQ2 / pzR2 (R2 -RO) where R, 0fmr are respectively, radial and pitch angle of main rotor, a, a, r, c, 0, v1, Q are respectively slope of the lift curve, the angle of attack of the blade element, radial distance, chord of the blade, inflow angle, induced speed and rotor speed of the main rotor.
From (1) we can see that there exist couplings between main rotor torque Qmr and tail rotor thrust Ttr. And (2) and (3) further demonstrate that the models are highly nonlinear and too complex to be used for control design. Instead of the dynamics described by (2) and (3) Consider the following linear uncertainty model described by xc(t) = A(0(t))x(t) + B(0(t))u(t) + B, (0(t))c(t) (6) y(t) = Clx(t) where x(t) E Rn is the state, u(t) E Rm is the control input, y(t)e RP is the measured output and w(t)e R' is an exogenous disturbance which belongs to L2 [0, oo), respectively. The system matrices have the following time-varying structure The output y(t) tracks the reference signal rd(t) with zero steady-state error, that is lim e(t) = 0 where e(t) = rd (t) -y(t). 3.
Satisfactory transient performance in time-response by adding a controller with adaptation mechanism.
It is well known that integral control can effectively eliminate the steady tracking error. In order to obtain a robust tracking controller with state feedback plus tracking error integral, the following augmented state-space description is introduced.
x(t) = A(0(t))x(t) + B(0(t))u(t) + BO(0(t))A (t) (9) where
Choose the controlled output z(t)E Rqe , defined by -z(t) = Cx-(t) + Du(t) + Fco, (t) (I 10) where C and D are constant weighting matrices which can be adjusted to achieve satisfactory response. Then the design problem can be reduced to the following: Find a robust controller u(t) such that: 1. The augmented closed-loop system is robust stable for all 0(t) E A. 2. Transient performance improves in time-response.
Next, we will propose the robust control method with adaptation mechanism.
Fist, we introduce a target model with adjustable parameters which is determined so as to ensure quadratic stability of the error system between the state trajectory ofthe plant and that of the target model. Then a controller for the target model is designed. Consequently, an adaptive robust controller to improve transient behaviour in time-response is established.
B. Adjustable target model andparameter adjustment law In order to obtain on-line information on the parameter uncertainty, we introduce the following target model described by
XV (t) = A(0(t))xv (t) + B(0(t))v(t), XV () =xO z (t) = Cx-v (t) + Dv(t)
(1 1)
where 0(t)e RN denotes the adjustable parameter vector, and let the matrices A(S) and B(0) have the same structure as the system matrices of (9). The input v(t) is determined so as to improve the output zv (t) according to the adjustable parameter O(t) . If we define the error vector as e = x -xV, then the error equation between (9) and (11) 
In addition, if we define i = z -zv then from (10) and (12) we can get z = (C + DF(0))e +Fca (16) Here, for the error system (15) and (16) (15) and (16) (15) and (16) (15) and (16) By pre-and post-multiplying (24) by diag (P-, I, I), we can get that 0(S) < 0 is equivalent to (1 8 
Substituting (25) and (26) into (11) (0) Fig.3 and Fig.4 , it is easy to see that using the proposed robust controller the closed-loop nonlinear system is stable and has zero tracking error even in presence of disturbance. And also the proposed method improves the transient behaviour of the robust stat-feedback control with fixed gain.
Summarizing these simulations, it is noted that the proposed robust controller design method can improve the system performance in the presence of disturbance and time-varying uncertainty.
V. CONCLUSIONS
In this paper, a new robust tracking controller design method is proposed for linear systems with time-varying parameter uncertainties. A linear time-invariant system with time-varying ellipsoidal uncertainty is considered. The proposed method with adaptation mechanism can reduce conservatism inherent in a robust control with a fixed gain and improve transient performance in time-response. The application of this approach to the yaw control of a small-scale helicopter has demonstrated to provide superior performance comparing with conventional robust tracking controller with fixed gain. 
